Lattice strain is considered a promising approach to modulating the structural and functional properties of oxide materials. In this study we investigate the effect of lattice strain on doping, hydration and proton transport for the family of scheelite-type proton conductors using both atomistic and DFT computational methods. Results suggests that tensile strain improves the dopant solubility and proton uptake of the material. The anisotropic proton pathways change from being within the a-b plane to being in the a-c plane. However, the predicted reduction in migration barrier suggests that improvements in ionic conductivity due to lattice strain effects will be limited, in contrast with the work on oxide ion conduction. Such results are rationalized in terms of structural changes and differences in migration steps between oxide ions and protonic species.
Introduction
Proton conducting oxides have received considerable attention over the past decades in view of their potential to lower the Solid Oxide Fuel Cell (SOFC) operating temperature to an intermediate-to-low temperature range. [1] [2] [3] Such a decrease in the operating temperature would improve the chemical and mechanical stability of the SOFCs and reduce their cost. Decreasing the operating temperature while maintaining the high ionic conductivity target of the electrolyte layer (10 -2 S cm -1 ) and the rapid surface oxygen exchange kinetics at the cathode requires the development of novel functional materials or a significant optimization of the existing systems. 4 With regard to the electrolyte layer, the reference class of compounds for proton conducting SOFCs is the family of doped perovskites with general formula ABO3 (A=Ca, Sr, Ba; B=Ce, Zr). Proton conduction in this system was reported during the 1980's by Iwahara et al. 5 , with conductivities achieving 0.01 S cm -1 at 400°C for doped BaZrO3. 6 Major problems associated with the use of perovkite-type proton conductors are the low chemical stability in CO2 containing atmosphere and the difficult sinterability. 2 To overcome this drawback, several classes of oxides have been proposed. 1, 7 One of the latest family of oxides proposed is the orthoniobates and ortho-tantalates class of compounds with general formula LnXO4 (Ln rare earth, X = Nb, Ta). 8, 9 This family of oxides is characterized by the presence of a phase transition between the low temperature fergusonite-type structure and the high temperature scheelite-type polymorph. 10 The best reported conductivity values are obtained for the 1% Ca doped LaNbO4 composition, reaching reasonable values of 10 -3 S cm -1 at 950°C in wet atmosphere. 8 Different strategies have been proposed for further improvement of the transport properties of these orthoniobates. As the conductivity depends on the concentration of the charge carriers, different dopants were tested but the solubility limit for Ca 2+ on the La 3+ site is found to be in the 0.5-1.0% range. 11 Doping on the B site was also considered, but the dopant solubility is also low and in general the activation barrier for proton migration for the B-site doped materials is higher than the A-site doped systems. 12 Therefore, although several compositions and combinations of dopants were considered, no dramatic improvement of the ionic conductivity was achieved. 7, [13] [14] [15] [16] [17] This "chemical approach", based on the search for novel compositions or better dopants, has represented the driving path for the optimization of the transport properties of ionic conducting materials for decades.
A more "physical approach", based on the exploitation of lattice strain effects on the transport properties of ionic conducting materials, is currently acquiring growing interest. 18 In this regard, computational and experimental studies have focused on electrolytes [19] [20] [21] [22] as well as cathode materials 23, 24 for SOFCs based on oxide-ion conduction. In general, it has been shown that lattice strain effects can improve the transport properties of oxide ion conductors by several orders of magnitude, as a consequence of structural modifications. For example, computational studies on the fluorite-structure oxide ion conductors have suggested the possibility to increase the ionic conductivity by a factor of 10 4 -10 6 within the strained system, 19, 20 and thin films of La0.6Sr0.4CoO3-δ have been reported with oxygen diffusivity values of two orders of magnitude higher compared to the bulk material. 23 Similar promising results have been obtained and predicted for K2NiF4-type cathode materials 25 and perovskite-type electrolytes. 21 In contrast, the same approach has received very limited attention in the field of proton conducting SOFCs, with a computational study devoted to the investigation of biaxial strain effects on the proton conductivity of Y-doped BaZrO3 through reactive molecular dynamics. 26 This study suggests that moderate biaxial strain can slightly improve proton diffusivity in perovskite-type materials.
In this work, we present a computational investigation of the influence of biaxial strain on dopant solubility, hydration energetics and proton migration for the scheelite-type LaNbO4 system. The application of biaxial strain mimics the situation of strained epitaxial films where the strain is induced by a lattice mismatch at the interface with the substrate. The results presented are therefore relevant to the preparation of micro-SOFCs. In addition, this study aims to expand the set of systems explored in the application of strain engineering as a strategy to modulate the functional properties of materials in solid state thin film devices.
Computational methods
The atomistic energy minimization and DFT methods employed in this study have been presented extensively elsewhere. 27, 28 In this study static lattice simulations were performed according to the energy minimization procedure embodied in the GULP code. 29 The interaction between ions was modelled with Buckingham pair potentials. Electron polarizability was described by the shell model. 30 Lattice relaxation after the introduction of a charged point defect was treated according to the Mott-Littleton method. 31 The set of potential parameters used in this study (Table S1 of the ESI) was already optimized and used for the description of the tetragonal unstrained LaNbO4 system. 32 The O-H interaction has been described with the use of the well-established Morse potential ( Table S2 in the ESI) already used in other proton conducting oxides. [33] [34] [35] Within the GULP code, lattice strain in the -3% -+3% range of the unstrained relaxed cell parameters was applied simultaneously along the a and b directions while the third cell parameter and all the atomic coordinates were allowed to relax. Calculations were performed in the P1 space group, to allow for possible lowering of the symmetry upon the imposition of lattice strain.
The DFT-based calculations were performed with the VASP code 36 using projector augmented wave (PAW) pseudopotentials and the PBE exchange correlation functional term proposed by Perdew et al. 37 The energy cut-off was set at 600 eV and the unit cells (both strained and unstrained) were optimized until the residual forces were less than 0.005 eV Å -1 and the total energy difference less than 0.005 eV using an 8 × 8 × 4 k-point grid. In this case, for the strained systems, -3% and +3% strain compared to the relaxed lattice parameters for the unstrained system were applied simultaneously along the a and b directions. Full relaxation of the atomic coordinates was then achieved for different values of the c lattice parameter, so as to find the one associated to a minimum in the total energy of the unit cell (see Figure S1 -ESI for details). The energetics of proton transport were calculated using the DFT-based Nudged Elastic Band (NEB) method. For these NEB calculations, 2 × 2 × 1 supercells containing a single proton were employed. The NEB calculations were performed using the climbing image method 38 and considering different number of images according to the complexity of the migration paths. The k-point grid was reduced to 2 × 2 × 2 while maintaining the energy cut-off at 600 eV.
Results and discussion

Structural modelling
The tetragonal scheelite-type structure of LaNbO4 (space group I4/1a), presented in Figure 1 , consists of isolated NbO4 tetrahedral units separated by La 3+ ions. We first turn our attention to the effect of applied strain on the scheelite structure. Figure 2 shows the calculated volume and lattice parameters as positive and negative strains are applied. In general, and as usually observed for oxide materials, as a positive strain is applied biaxially in the a-b plane the c lattice parameter is observed to contract whereas overall the volume slightly increases. When negative strain is applied the c lattice parameter increases but the volume slightly decreases. We note the excellent agreement between the unstrained experimental lattice parameters and volume and those calculated by both computational techniques. Furthermore, both computational techniques show the same magnitude of c parameter variation as strain is applied. All of this supports the validity of the models and the stability of the structure under the applied strain conditions. Structural analysis of the calculated results indicates that when the strain is applied in the a-b plane the tetragonal Please do not adjust margins Please do not adjust margins symmetry is maintained and the NbO4 tetrahedra are undistorted; the Nb-O bond lengths respond linearly to the applied strain (see Figure S3 -ESI). Since Nb 5+ has a d 0 electronic structure there are no crystal field or magnetic effects to encourage asymmetric distortions of the tetrahedra. In addition, the density of states (DOS) obtained from our DFT calculations are in good agreement with the DOS previously reported for the same structure when no strain is applied 39 ( Figure S2 of the ESI). We recall that the LaNbO4 system is characterized by a phase transition between a monoclinic room temperature fergusonite-type structure and a tetragonal high temperature scheelite-type structure around 500°C. 10 As the high temperature phase is the best proton conductor, lowtemperature stabilization of the scheelite phase is desirable. In addition, the presence of a phase transition within the operating temperature regime is always considered detrimental for practical applications. Successful results have been recently reported for the room temperature deposition of La0.99Ca0.01NbO4 films with the scheelite structure. 41 The inversion of the phase stability between the fergusonite and the scheelite polymorphs has been ascribed in that case to the nanostructured nature of the film in combination with a suitable substrate. At the same time, the deposition of epitaxial fergusonite-type films of La0.995Ca0.05NbO4-δ by PLD on (110)-oriented NdGaO3 has been reported. 42 In this case, a decrease of transition temperature of more than 200°C compared to the corresponding bulk system was reported, supporting a considerable reduction of the monoclinic distortion in the epitaxial films. These results suggest that with the right combination of substrate type and deposition conditions it is possible to deposit epitaxial scheelite-type strained films. For these reasons this study focuses on the tetragonal scheelite-type polymorph.
Hydration and Ca-doping
The mechanism through which protons are introduced in an oxide structure is accepted to be substantially the same for all host systems. 43, 44 Oxides can accommodate a certain concentration of protons via the incorporation of H + ions generated by the dissociative absorption of water molecules from the gas phase. The OHgroup can fill an oxygen vacancy, while the H + ion obtained from the dissociation directly bonds to a lattice oxygen position. The overall reaction can be expressed in Equation 1, using Kröger-Vink notation, as:
Strain may affect the energetics of proton incorporation. To test this, we have calculated the hydration enthalpy as a function of strain according to Equation 1 , and the results are shown in Figure 3 . The hydration enthalpy shows a clear decrease with increasing strain, suggesting a positive effect of tensile strain on the amount of water incorporation within the system. This trend reflects the changes in the formation energies of the OH group and the oxygen vacancies, both of which become more favourable as tensile strain is applied ( Figure S4 -ESI). Such changes in defect formation energy reflect structural rearrangements due to the presence of defects.
The presence of oxygen vacancies in the crystal is generally obtained through doping with acceptor dopant species. For LaNbO4, the most successful way to introduce oxygen vacancies that can be filled by protonic species is the substitution of La 3+ with Ca 2+ , 9, 11 according to the following equation:
However, the low solubility of dopant ions experimentally observed in the scheelite structure prevents any conductivity enhancement through doping. 11, 45 In our study, in order to determine if the application of strain improves the solubility of dopants, we have evaluated the solution energies of Ca 2+ in LaNbO4 as a function of the imposed strain. The calculated solution energy decreases with the applied strain, from 1.25 eV for the unstrained system to 1.05 eV for the 3% tensile strained system. Such a decrease in solution energy suggests that it is possible to dope a higher concentration of Ca 2+ into tensile strained crystals, which would enhance the proton transport properties of scheelite LaNbO4. Another important aspect of extrinsic doping is the possibility of binding of dopant ions to mobile defects. Due to their opposite charge, oxygen vacancies introduced by the extrinsic doping can associate with the dopant ions, forming a cluster; this effect has been widely observed and described for oxygen conductor materials. 46 Dopant ions can also trap migrating proton species. 43 The clustering effect in Ca-doped LaNbO4 has been evaluated by comparing the energy of the simple bicomponent cluster system where the M' ion is placed in the first coordination sphere of the VO •• (or the OH • group) and the sum of the corresponding isolated defects according to the formula:
With this convention, negative values of binding energy imply that the dopants and defects are bound and the cluster is more stable than the isolated defects. This approach has been widely applied to the estimation of binding energy terms for oxide ion and proton conducting oxides, successfully reproducing experimental trends in their conduction properties. 47 Our calculations show that strain lowers the binding energy of defect clusters; the binding energy of the Ca 2+ -OHpair cluster reduces from -0.25 eV for the unstrained system to -0.18 eV for the 3% tensile strained system. Similarly, the Ca 2+ -oxygen vacancy pair cluster is predicted to be less bound in the 3% tensile strained system, with binding energies lowered from -0.91 eV to -0.77 eV. The formation of a cluster involving a mobile defect leads to an increase of the migration barrier. Binding energies between dopants ion and protonic species are therefore considered detrimental for application since they reduce proton mobility in the system. 43, 48 At the same time, trapping of the oxygen vacancies is expected to decrease the proton concentration, by adding an energy term to the enthalpy of hydration. 43 The predicted lowering of the binding energy effects in tensile strained LaNbO4 suggests a higher mobility of the proton species if tensile strain is applied, together with an easier incorporation of protonic species in the system. We note that such trapping effects are observed experimentally for high doping levels. As the experimental solubility limit of the dopants in the scheelite structure is very low, the clustering effect might be less significant in this system.
Proton positions and migration paths
Proton species in oxides are usually found near the oxygen ions, as part of a hydroxyl group. For this reason, different positions around the unique oxygen crystallographic site of the LaNbO4 structure have been explored using DFT. Two distinct sites (labelled H1 and H2, see Fig. 4 ) arise as the most favourable, in agreement with previous reports for the unstrained system. 49 The stable proton positions were also evaluated for the +3 and -3% strained cells, in order to see if the relative stability of the two positions is affected by applied strain, as shown in Table 1 . In the H1 site the proton is bonded to the O of the Nb1 site and the O-H bond is directed towards the oxygen ion of the nearest NbO4 units found along the c axis (Nb2 in Figure 4 ) and is further stabilized by hydrogen bonds. By contrast, in the H2 site the O-H bond points in the direction of the nearest La ions along the a axis, in the direction of the next neighbour NbO4 unit within the a-b plane (Nb3 in Figure 4 ). The position of these two sites remains largely unaffected by the application of the strain, although strain does significantly alter their relative energies, as shown in Table 1 . For the negatively strained cell the H1 site is the most stable position but the energy difference decreases linearly with applied strain so that the two positions are energetically equivalent in the tensile strained system. In all cases the O-H distance is found to be 0.98-1.00 Å, as usually observed in oxides. The presence of stable proton sites at ~1 Å around the oxygen position has been predicted and observed in LaNbO4 as well as in other proton conductor materials. [49] [50] [51] Starting from these two favourable proton sites, several proton migration routes can be considered. Previous studies on proton conducting oxides have established that the diffusion mechanism is based on two different mechanisms: proton hopping between two distinct oxygen sites and rotation of the proton ion around an oxygen position. For the scheelite structure four pathways for proton migration between sites are possible, shown in figure 5 ; In a previous computational study on unstrained scheelite LaNbO4, Fjeld and coworkers found that protons diffuse preferentially in the a-b plane. 49 Proton transfer between H1 or H2 sites (type i or ii migration) was calculated to have very low energy barriers (0.04-0.08 eV). The rate determining step for the migration within the a-b plane was found to be the complex type iii migration from a H1 site to a H2 site involving a combination of rotation and hopping, with an energy barrier of 0.41 eV. Diffusion along the c axis via a type iv jump between H1 and H2 sites was found to be very unfavourable, with a much larger activation barrier of 0.74 eV, suggesting strongly anisotropic behaviour with negligible proton conduction in the c direction.
Given that strain alters both the c parameter (and as a result the proton site-site hopping distances) and the proton site energies, it is possible that the proton migration will also be affected by the application of strain. To investigate this we calculated the proton migration energies for all four paths for both strained and unstrained cells ( Figure 6 ). First, for unstrained cells, we find the same trend as Fjeld et al. discussed above; 49 a large migration energy along the cdirection of 0.51 eV (type iv), relatively low migration energy for equivalent site hops (type i and ii) and a rate limiting migration energy in the a-b plane of approximately 0.4 eV (type iii). Differences between the calculated values can be ascribed to our use of a more accurate basis set, spin polarization to capture the energetics of unpaired electrons during bond breaking and more images along the NEB path. Nevertheless, the overall prediction remains consistent: anisotropic migration confined to the a-b plane. Second, for cells compressively strained we find that there is little change for the migration energies in the a-b plane but the migration barrier in the c-direction increases from 0.51 eV to 0.57 eV. Overall, compressive strain would not be expected to impact the proton conductivity other than to exacerbate the already high degree of anisotropy. Finally, we consider tensile strain. It can be seen in Figure 6 that there is a significant reduction in 6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
Please do not adjust margins Please do not adjust margins the migration barrier along the c-direction from 0.51 eV to 0.32 eV (type iv migration). The rate limiting migration barrier in the a-b plane (type ii hop) increases markedly from 0.39 eV to 0.48 eV. These changes in activation energy can be rationalized by the fact that tensile strain increases the proton site to site distance in the a-b plane and reduces it in the cdirection. The overall effect of tensile strain is to maintain the anisotropic proton diffusion, but to switch it from the a-b plane to the a-c plane, as represented schematically in Figure  7 . Further atomic-scale analysis reveals that proton migration is accompanied by local rearrangement of the structure involving tilting, rotation or distortion of polyhedra. For the unstrained system, the proton hopping between two H1 sites presents the lowest activation energy ~0.2 eV. By contrast hopping between H2 sites has a two times higher energy barrier ~0.4 eV; this difference can be explained by considering the local O-H bonds along the two migration steps. At the saddle point for the H1-H1 hop the O-H distances from the initial and final oxygen sites are 1.24 Å and 1.23 Å, whereas for H2-H2 hops the O-H distances at the saddle point are 1.55 Å and 1.53 Å respectively. The increase in the O-H distance and the formal breaking of the O-H bond in H2-H2 hops requires a higher energy. Strain alters these energy barriers since it alters the proton site to site distances and directly affects the extent to which the O-H bonds are broken. Further support for this comes from the fact that the 0.36 eV rotational energy barrier around the NbO4 tetrahedra (migration step iii of Figure 5 ) is not altered by strain; it does not involve bond breaking and does not involve a change in site to site distances. Experimentally reported values of migration barrier for proton conductivity in bulk scheelite-type Ca-doped LaNbO4 are close to 0.5 eV, 11, 45 in agreement with the values obtained in this study for the unstrained system. Further studies are needed to investigate how extended defects such as dislocations, grain boundaries and space charge regions contribute to the experimentally observed conductivity increase in strained thin films of Ca-doped LaNbO4. 42 We recall that in the Y-doped BaZrO3 proton conductor, it was predicted computationally that lattice strain effects could only account for a limited increase in conductivity. 26 However, epitaxial thin films of Ydoped BaZrO3 presented major improvement in conductivity compared to the bulk material; 52 such an effect was attributed to the considerable reduction of the grain boundary resistivity in epitaxial strained thin films compared to bulk materials.
CONCLUSIONS
Previous attempts to try and improve the proton conductivity of scheelite-type LaNbO4 have focused on doping strategies to increase the oxygen vacancy concentration and thereby the uptake of protonic species, but have proved ineffective due to the inherently low dopant solubility. Prompted by the growing interest in lattice strain effects on the properties of a wide range of materials, here we used computational methods to characterize how strain applied to the LaNbO4 SOFC electrolyte material affects the doping, defect and proton transport properties. Four main points emerge: 1. Tensile strain in the a-b plane improves the solubility for Ca 2+ dopants which increases the number of oxygen vacancies, allowing more protons to be accommodated by the structure. The hydration energy is reduced which should further increase proton uptake. Binding energies of extrinsic defects are lower in strained crystals and might result in less trapping of protons by defect clusters. 2. Tensile strain makes the two most stable proton sites in the structure energetically degenerate and equally likely to be occupied. 3. The anisotropic proton pathways alter from being in the a-b plane to being in the a-c plane. This change is rationalized by a)
b)
Please do not adjust margins Please do not adjust margins the reduction in the c-lattice parameter and the proton hopping distance as a-b strain is applied. A small reduction in the migration barrier for the rate determining step is predicted. 4. Compressive strain has the opposite effect on these properties to tensile strain. It reduces dopant solubility, site degeneracy and makes proton migration more anisotropic and should be avoided.
Our results suggest that the application of lattice strain should be regarded as an effective strategy to modulate transport properties where site to site hopping is crucial to conduction (i.e. oxide ion or alkali ion conductors). Where proton transport in oxide materials usually requires both site to site hopping and rotation around oxygen sites, the structural modifications induced by lattice strain may not be as effective in the modulation of transport properties.
